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Introduction

Antigen-presenting cells (APC), such as monocytes, mac-
rophages and dendritic cells (DC), are important com-
ponents in linking innate and adaptive immunity. The
chemotactic recruitment of these cells at the site of infection
is critical for the initiation of appropriate immune responses
[1]. This migration is a complex, multi-step process, medi-
ated by chemokines and their receptors. There are several
data suggesting that chemokine receptor CCR5 is involved in
both positive and negative regulation of the APC system by
the modulation of leucocyte trafficking, cellular activation
and cytokine expression [2]. Recently, compounds targeting
CCR5 have been introduced into clinical practice for
the treatment of human immunodeficiency virus (HIV)
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Summary

Compounds targeting the chemokine receptor CCR5 have recently been
approved for treatment of human immunodeficiency virus (HIV) infection.
Given the central role of CCR5 in inflammation and recruitment of antigen-
presenting cells (APC), it is important to investigate the immunological con-
sequences of pharmacological inhibition of CCR5. We evaluated the in vitro
effect of different concentrations of CCR5 antagonist maraviroc (MVC) on
cell migration of monocytes, macrophages (MO) and monocyte-derived den-
dritic cells (MDC) towards peptide formyl-methionyl-leucyl-phenylalanine
(fMLP) and chemokines regulated upon activation normal T cell expressed
and secreted (RANTES) and CCL4/macrophage inflammatory protein-1
(MIP-1B) and CCL2/monocyte chemotactic protein-1 (MCP-1). Results of
flow cytometric analysis showed that monocytes treated in vitro with MVC
exhibited a significant dose-dependent reduction of chemotaxis towards
MIP-18 and MCP-1. fMLP-induced chemotactic activity decreased only at
higher concentration (1 pM and 10 pM of MVC). In addition, all concentra-
tions of MVC (0-1, 1 and 10 uM) induced in vitro a significant inhibition of
chemotaxis of MO and MDC in response to all tested chemoattractants. No
change in phenotype (CD1a and CD14) and CCR1, CCR4, CCR5 and formyl
peptide receptor (FPR) expression was seen after in vitro treatment with
MVC. These findings suggest that CCR5 antagonist MVC may have the in
vitro ability of inhibiting the migration of innate immune cells by mechanism
which could be independent from the pure anti-HIV effect. The drug might
have a potential role in the down-regulation of HIV-associated chronic
inflammation by blocking the recirculation and trafficking of MO and MDC.
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infection [3]. These drugs specifically inhibit the replication
of R5-tropic HIV variants by blocking the interaction
between the virus and the chemokine receptor CCR5, which
is necessary for R5-using HIV strains to enter host cells [4,5].
However, the in vitro and in vivo immunological conse-
quences of pharmacological inhibition of CCR5 function
remain to be investigated. The greatest beneficial effects of
maraviroc (MVC), the first approved CCR5 inhibitor, are
well documented by clinical trials analysis [6,7]. In particu-
lar, the drug induces a greater immunological benefit that is
independent of HIV load suppression. Various mechanisms
could be involved in this phenomenon, such as down-
regulation of excessive immune activation by CCR5 block-
ade, reduction of T cell apoptosis and cytokine expression.
Considering the important role of CCRS5 in both trafficking
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and recruitment of leucocytes, the analysis of the effect of
CCRS5 antagonists on the modulation of cell migration needs
to be clarified.

In the present study, we assessed the direct in vitro effect
of anti-HIV CCRS5 antagonist MVC on chemotactic activity
of human monocytes, macrophages (MO) and monocyte-
derived DC (MDC) towards different chemoattractants.
Chemotaxis receptor expression was also evaluated.

Materials and methods

Monocytes, MO and MDC

Peripheral blood mononuclear cells (PBMCs) were isolated
from healthy donors’ buffy coat using density gradient cen-
trifugation Ficoll-Histopaque (Gisco/BRL, Cergy Pontoise,
France). PBMCs were collected, washed twice with
phosphate-buffered saline (PBS) and incubated at a concen-
tration of 1x10%ml in complete RPMI-1640 containing
10% fetal calf serum (FCS) and allowed to adhere for 2 h at
37°C in CO, 5%. After incubation, non-adherent cells were
removed and adherent cells were harvested and counted.
When the cell preparation showed = 90% CD14 expression,
the generation of MO and MDC was carried out. Briefly, cells
were cultured in RPMI-1640 supplemented with 10% FCS
and glutamine (2 mM); granulocyte—-macrophage colony-
stimulating factor (GM-CSF) (50 ng/ml) (Leukomax,
Schering-Plough, Dardilly, France) and interleukin (IL)-4
(40 ng/ml) (Peprotech, Rocky Hill, NJ, USA) were added for
MDC generation, while G-CSF (50 ng/ml) was used for MO
generation. After 5 days cells were tested for phenotype and
maturation markers. Cell viability, characterization and
maturation were assessed during the cell production process
by light microscopy and flow cytometry using monoclonal
antibodies CDla-phycoerythrin (PE), CD14-fluorescein
isothiocyanate (FITC), CD83-PE and CD86-FITC (BD,
Becton Dickinson Europe, Pont-de-Claix, France). Viable
cell preparations with a positivity higher than 95% for the
specific markers were considered valid for subsequent
analysis.

Drug treatment of cells

MVC (Celsentri; Pfizer, Inc., New York, NY, USA) was dis-
solved in distilled water and stored at —80°C until use. Mo-
nocytes, MO and MDCs (1 x 10°ml) were pre-incubated
for different times (1-18 h) with various concentrations
of MVC (0-1 uM, 1 uM, 10 uM) at 37°C under 5% CO,
atmosphere. Because, in preliminary experiments, we found
no differences in incubation time, we reported the data
obtained from 18 h of MVC treatment. As controls, cells
were incubated with medium alone.

Drug concentrations were chosen on the basis of
published data of pharmacokinetic parameters reported
in MVC-treated patients [8,9]. MVC-treated cells at all
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concentrations used showed a viability = 95%, as assessed
by Trypan blue exclusion dye.

Chemotaxis assay

The in vitro chemotactic activity was measured in an 8 um
pore size Transwell system (Becton Dickinson Europe). The
following chemoattractants were used: synthetic peptide
formyl-methionyl-leucyl-phenylalanine (fMLP) (10°M)
(Sigma, St Louis, MO, USA), CCL5/regulated upon activa-
tion, normal T cell expressed and secreted (RANTES)
(100 ng/ml), CCL4/macrophage inflammatory protein-1
(MIP-1B8) (100 nM) and CCL2/monocyte chemotactic
protein-1 (MCP-1) (10 ng) (R&D Systems Europe Ltd,
Abingdon, UK). A bell-shaped curve described the typical
migratory response of cells to increasing concentrations of
chemoattractant. Thus, in preliminary experiments, we per-
formed a full dose-response analysis and we used the
optimal doses able to induce the maximum chemotactic
activity in our cell systems.

Cell suspensions in FCS-free RPMI-1640 were used at a
concentration of 1 x 10° cells/ml. After 30 min of incubation
at 37°C in 5% CO; in a humidified atmosphere, the migrated
cells in the lower well were quantified by flow cytometry
[fluorescence activated cell sorter (FACS)Calibur with
CellQuest software] using Trucount™ tubes (Becton Dick-
inson Europe). To eliminate cellular debris, R1 gate was
defined in a dot-plot of forward-scatter channel (FSC) versus
side-scatter channel (SSC). Random migration in the
absence of chemoattractant was calculated and subtracted
from migration in response to stimuli. Results were
expressed as mean [*standard deviation (s.d.)] percentage
of chemotaxis of six different experiments using different
donors. Control chemotaxis was set at 100% and MVC treat-
ments were represented as the percentage of control (cells
incubated with medium alone). To confirm the data, the
measurement of cell chemotaxis in some experiments was
also carried out using Boyden’s method with blind-well
chambers and Diff-Quik staining of the filter (Baxter Diag-
nostics AG, Dudingen, Switzerland).

Analysis of the expression of chemoattractant receptors

The expression of chemokine receptors CCR1, CCR4, CCR5
and formyl peptide receptor (FPR) that recognize the three
receptors for fMLP (FPR, FPR1, FPR2) was determined by
flow cytometric analysis of MVC-treated monocytes, MO
and MDC. Cells (1 x 10°) were stained with CCR5-FITC/
FPR-PE (Becton Dickinson Europe) and CCR1-PE/CCR4-
FITC (R&D Systems). After 30 min of incubation, cells were
washed with buffer (PBS, 2% FCS), fixed with 1% paraform-
aldehyde (PFA) and analysed using FACSCalibur with a
minimum acquisition of 10 000 events. Differences in mean
fluorescence intensity (MFI) between MVC-treated and
-untreated cells were analysed with CellQuest software.
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Statistical analysis

spss version 13-0 for windows (SPSS Inc., Apache Software
Foundation, Chicago, IL, USA) was used. Student’s t-test was
used for statistical analysis of chemotaxis.

Results

Analysis of MO chemotaxis following MVC in
vitro treatment

MO were treated in vitro with increased concentrations of
MVC and then examined for chemotaxis by cytometric
evaluation (Table 1). No differences were found in the
results, showing that pretreated MO did not exhibit a signifi-
cant inhibition of chemotactic activity when RANTES
were used as chemoattractant. Conversely, MVC induced
a significant reduction of MIP-1B-induced chemotaxis,
and this inhibition was dose-dependent (P < 0-05 for all
concentrations). A significant inhibition of chemotatic activ-
ity of MO in response to fMLP was found only when cells
were treated with 1 and 10 uM of MVC (P = 0-008 and 0-005,
respectively). When MCP-1 was used as chemoattractant a
significant inhibition of chemotaxis at all concentrations of
MVC was found (P < 0-05 for all) (Table 1).

Analysis of MO and DC chemotaxis following
MVC treatment

Adherent monocytes were differentiated into MO and MDC,
and the effect of MVC was tested. When MO were assessed,
MVC affected chemotactic activity in response to all tested
stimuli (Table 1). RANTES-induced chemotaxis was inhib-
ited significantly by MVC only at concentrations of 1 and
10 uM (P=0-03 and 0-03, respectively). When migration
of MO was assessed in response to MIP-1P, a significant
inhibition was found at all MVC concentrations used
(P =0-001). Similarly, fMLP-induced chemotaxis of MO was
inhibited significantly by MVC in a dose-dependent manner
(P < 0-001). Finally, MCP-1-induced chemotaxis was inhib-
ited at all concentrations of the drug, with a slight dose-
dependent effect (P < 0-05 for all) (Table 1).

When MDC chemotaxis was tested, MVC in vitro treat-
ment induced a significant reduction of cell migration
towards RANTES, MIP-1B, fMLP and MCP-1. RANTES-
induced chemotaxis was decreased significantly by 0-1 uM,
1 uM and 10 uM of MVC (69% = 6,68% * 6 and 72% = 5
of the control, respectively; P < 0-05 for all concentrations)
(Fig. 1a). MIP-1B-induced chemotaxis of MDC was of 57%
(£9), 54% (*9) and 45% (*12) of the control after treat-
ment with 0-1 uM, 1 uM and 10 uM of MVC, respectively
(P<0-001 for all three concentrations) (Fig.1b). MVC
inhibited fMLP-induced chemotaxis of MDC in a dose-
dependent manner (53% = 28, 37% % 19 and 33% = 17 of
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Table 1. In vitro effect of CCR5 antagonist maraviroc (MVC) on chemotaxis of monocytes and macrophages.

MIP-1 induced chemotaxis fMLP-induced chemotaxis MCP-1-induced chemotaxis

RANTES-induced chemotaxis

(%)

(%)

(%)

(%)

MVC (uM)

Cells

Clinical and Experimental Immunology © 2011 British Society for Immunology

<0-05
< 0-05
<0-05
<0-05
<0-05
<0-05

1
21

+
*
*
*18
+
*

0-008
0-005

02
< 0-001
< 0-001
<0-001

+
=+
=+
=+
+
=+

<0-05

<0-05

<0-05
0-001
0-001
0-001

Control chemotaxis was set at 100% and MVC treatments represent the percentage of control. Data are expressed as mean * standard deviation of six independent experiments. P-value was calculated

in comparison with control. RANTES: regulated upon activation normal T cell expressed and secreted; MIP: macrophage inflammatory protein; fLMP: formyl-methionyl-leucyl-phenylalanine.
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Fig. 1. Inhibitory effect of CCR5 antagonist
maraviroc (MVC) on chemotaxis of
monocyte-derived dendritic cells (MDC). MDC
were treated with MVC (0-1, 1 and 10 uM) for
18 h and chemotactic activity was assessed by
flow cytometric analysis. A significant reduction

RANTES-induced
chemotaxis (%)

of MDC chemotaxis was seen towards regulated
upon activation normal T cell expressed and
secreted (RANTES) (a), macrophage
inflammatory protein (MIP)-1f (b),
formyl-methionyl-leucyl-phenylalanine (fMLP)

_.A
o &
=)

(c) and monocyte chemotactic protein

0 e
Control 0-1 uM 1 pM 10 uM

CCRS5 antagonist inhibits cell chemotaxis

MIP-1 B-induced
chemotaxis (%)
[e)]

o

Control 0-1 uM 1 uM 10 pM
MVC MVC

(MCP)-1 (d) at all drug concentrations used. B § g 100

Data were expressed as mean = standard é 2 80 12 g 80

deviation of six independent experiments. u'g_ % 60 ; g 60

Control chemotaxis was set at 100% and MVC 3’ E 40 % % 40

treatments represented as the percentage of =5 20 > % 20

control (cells incubated with medium alone). 0—= o=

Asterisks indicate a significant decrease in MDC Control 0-1uM 1uM 10 uM Control 0-1uM 1uM 10 uM
chemotaxis versus control (P < 0-05). MvC MVC

the control after treatment with 0-1 uM, 1 uM and 10 uM of
MVC, respectively (P <0:001 for all three concentrations)
(Fig. 1¢).

Finally, MCP-1-induced chemotaxis of MDC was of 50%
(*+8),66% (£11) and 43% (*10) of the control after treat-
ment with 0-1 uM, 1 uM and 10 uM of MVC, respectively
(P < 0-005 for all) (Fig. 1d).

A representative experiment of MDC chemotactic activity
measured by Boyden’s chamber method and Diff-Quik
staining of filters is illustrated in Fig. 2.

Viability, cell phenotype and chemoattractant
receptor expression

In another set of experiments, cell viability and phenotype
(CD14 for monocytes, MO and CD1a for MDC) and expres-
sion of chemoattractant receptors CCR1, CCR4, CCR5 and
FPR expression were investigated. We found no alteration in
viability and phenotype in cells treated with MVC (data not
shown). Moreover, treatment with different concentrations
of MVC did not modulate CCR1, CCR4, CCR5 and FPR
expression in monocytes, MO and MDC. The median of
MFI in six independent experiments is reported in Table 2.

Discussion

Recent lines of evidence suggest that MVC, the first CCR5
antagonist approved in clinical practice for treatment of HIV
infection, exhibit additional immunological effects beyond
the pure anti-HIV inhibitory activity [10,11]. Given the
central role of CCR5 in inflammation and cellular recruit-
ment at the site of infection, analysis of the effect of CCR5
antagonists on cell migration may represent an area of active
investigation [12]. In a recent paper, we demonstrated that
PBMCs from HIV-infected patients exhibited diminished

© 2011 The Authors

migratory responses toward fMLP after initiation of an anti-
retroviral regimen containing MVC [13]. In order to inves-
tigate if this phenomenon could be related to a direct effect
of the drug, we analysed cell chemotactic activity after in
vitro treatment with MVC. We found that MVC exhibited
the ability to inhibit the chemotactic activity of PBMCs
in response to fMLP and to CCR5-binding chemokine
RANTES.

In the present study, we have investigated further the in
vitro immunological effect of MVC by assessing the migra-
tory capacity of APC, including monocytes, MO and MDC.
We demonstrate for the first time that monocytes, MO and
MDC have a different chemotactic response after in vitro
treatment with MVC. In particular, the effect on chemotactic
activity seems to be related to drug concentration as well as
to substances used as chemoattractants.

MIP-1, RANTES, MCP-1 and fMLP are important
stimuli for both anti-infective response and inflammation
[14,15]. MIP-1f is the natural ligand of CCR5 and cannot
use other chemokine receptors. RANTES utilizes several
receptors to induce chemotaxis, such as CCR1, 3, 4 and 5.
Conversely, fMLP is a bacteria formyl peptide that regulates
cellular trafficking and recognizes human FPR which is
expressed in several cells, such as neutrophils, monocytes,
MO and DC. Cross-talk between CCR5 expression and
fMLP was described in monocytes, suggesting attenuation of
cell responses to CCR5 ligands and inhibition of HIV-
envelope glycoprotein-mediated fusion and infection of cells
expressing CD4, CCR5 and FPR [16]. The same phenom-
enon was also found in DC [17].

We also analysed the effect of MVC on MCP-1-mediated
chemotaxis. An increasing amount of evidence shows a
close link between activated monocyte recruitment,
MCP-1 release and HIV pathogenesis, especially in acquired
immune deficiency syndrome (AIDS) patients suffering
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MVC (0-1 uM)

MVC (1 uM)

MVC (10 uM)

Fig. 2. Chemotactic activity of monocyte-derived dendritic cells
(MDC) from one representative experiment after in vitro treatment
with maraviroc (MVC). The MDC chemotactic activity was measured
with the 8 um pore size Transwell system using Boyden’s method with
blind-well chambers and DiffQuik staining of the filter. Cells were
pretreated with MVC at concentrations of 0-1, 1 and 10 uM. In this
representative experiment, the synthetic peptide
formyl-methionyl-leucyl-phenylalanine (fMLP) (107° M)

was used as chemoattractant.

from HIV-associated dementia [18]. It is important to study
if MVC is able to inhibit migration of APCs towards CCL2/
MCP-1 (a CCR2D ligand), because in cells co-expressing
CCR5 and CCR2b, CCR5-specific ligands are able to prevent
MCP-1 binding to its receptor. In fact, CCR5 and CCR2 are
closely related and cross-competition between the two recep-
tors has been found previously [19].

First of all, when we tested the effect of MVC on MIP-183-
and MCP-1-induced migration, our findings showed that
the CCR5 antagonist compound was able to inhibit chemo-
taxis of monocytes, MO and MDC at all concentrations
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used. Chemotaxis towards RANTES, and fMLP was not
inhibited by MVC at concentrations which were compatible
with those achieved in vivo in the serum of treated subjects
(0-1 uM). Cell chemotaxis was inhibited only when higher
concentrations of the drug were used.

In HIV-infected patients, circulating MO and DC are
often activated and this state of activation could be respon-
sible for recirculation, inflammation and viral dissemination
in the tissue [20,21]. Activated mature cells harvest HIV
infectious particles and could transmit infection to CD4* T
cells in the tissue [22]. Blockade of CCR5 could promote
both the reduction of target cells for viral replication and the
recruitment of activated T cells to inflamed lymphoid tissue.
The anti-chemotactic activity of CCR5 antagonist MVC
could have beneficial effects on HIV infection by blocking
the migration of infected APCs into various tissues, such as
brain, liver and lung. Moreover, it is known that activated
MO and DC play a central role in the pathogenesis of ath-
erosclerotic process, which now represents one of the major
causes of morbidity and mortality of HIV-infected patients
[22]. Inflamed plaques contain MO and subsets of
fully matured and activated DC (CD11c"), regulating the
adaptive and innate immune system during the atheroscle-
rotic process and plaque destabilization [23]. The accumu-
lation of MO and DC in the atheroma and the relative
depletion in the circulation [24] could stimulate both T cell
recruitment and activation and may facilitate the release of
chemokines, cytokines and other inflammatory mediators
which are involved in the development and progression of
HIV-associated atherosclerosis. Targeting CCR5 by MVC
could have a double therapeutic effect in HIV-associated
atherosclosis: blocking HIV entry into heart tissue via CCR5
and down-regulation of the accumulation of inflammatory
cells in the atheroma. Moreover, the down-regulation of
MCP-1-mediated chemotaxis induced by MVC could play a
beneficial role in preventing the spread of HIV to the brain.

It is also known that both subsets of circulating myeloid
DC (mDC) and plasmacytoid DC (pDC) are defective in
HIV infection, especially because of homing in lymphoid
organ and tissue [25,26]. After exposure to virions and
HIV-infected cells, mDC and pDC up-regulate both tumour
necrosis factor (TNF)-related apoptosis-inducing ligand
(TRAIL) and activation and migration markers, such as
CD83 and CCR7, and acquire a killer-cytotoxic activity
[27,28]. These cells down-regulate CXCR4 and CCR5 and
become less susceptible to HIV infection; however, they are
more active as proinflammatory cells by inducing apoptosis
in infected and uninfected CD4 T cells and by producing
cytokines such as interferon (IFN)-o. and TNF-o. Our
experiments suggest that MCV could inhibit chemotaxis,
especially on these activated DC which are usually present
during HIV infection. The anti-chemotactic activity of
CCR5 antagonist could have also potential therapeutic
implications for the management of inflammatory condi-
tions other than HIV. The proposed mechanism of CCR5
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Table 2. In vitro effect of CCR5 antagonist maraviroc (MVC) on the expression of chemoactractant receptors.

CCR1 CCR4 CCR5 FPR

Cells MVC (uM) (MFI) (MFI) (MFI) (MFI)
Monocytes 0 369 351 421 157
0-1 381 332 410 161
1 366 317 402 168
10 375 314 413 168
Macrophages 0 468 301 487 251
0-1 528 364 471 243
1 454 295 491 241
10 573 297 495 248
Dendritic cells 0 603 335 607 383
0-1 591 319 610 370
1 589 320 620 390
10 577 314 602 425

Data were expressed as median value of mean fluorescence intensity (MFI) in six independent experiments. No significant differences between

MVC-treated and -untreated cells (P > 0-05 for all).

antagonists in the treatment of rheumatoid arthritis involves
inhibition of cell migration, a key pathway in the inflamma-
tory process of the disease. In a mouse model of experimen-
tal autoimmune myocarditis (EAM) CCR5 was found to be
important in the induction of the disease, and inhibition of
CCR5 with monoclonal antibody reduced the severity of
myocarditis significantly [29]. A critical issue associated with
the block of cellular migration induced by CCR5 antagonist
is a potential risk for treated patients of developing infec-
tious complications. In effect, the reduced migratory capac-
ity of MO and DC after pharmacological inhibition of CCR5
could impair the innate immune response against pathogens
by blocking APC accumulation and activation at sites of
microbial or antigenic challenge. Subjects homozygous for
CCR5A32 who do not express CCR5 have a higher suscep-
tibility to some infections, such as West Nile virus [30].
Moreover, studies from CCR5 knock-out mice demonstrated
an increased morbidity and mortality after certain microbial
challenges (Listeria, Cryptococcus, Toxoplasma, parainflu-
enza and influenza viruses) [31]. However, in the present
in vitro study, the pharmacological blockade of CCR5 by
MVC used at therapeutic concentrations does not seem to
interfere with physiological recruitment of APC, such as
monocytes, immature MO and DC. Moreover, clinical trials
of MVC attest to its safety in the treatment of HIV-infected
patients and no evidence of increase in infectious complica-
tions has been reported as yet.

The pathways involved in the down-regulation of MO and
MDC chemotactic activity after in vitro treatment with MVC
are not clear. MVC may lead to structural alterations in the
chemokine receptor binding site and may induce long-
lasting biochemical changes that impair the ability of specific
chemokines receptor to work appropriately. The study of
chemotactic receptor expression on cell surface as well as the
measurement of cell calcium flux could contribute to a
clearer understanding of the mechanisms of the MVC
anti-chemotactic effect. In our study, we have shown that

© 2011 The Authors

treatment with MVC did not induce any changes in CCRS5,
FPR, CCR1 and CCR4 expression in monocytes, MO and
MDC. In addition, the analysis of MVC anti-chemotactic
effect repeated in HIV-infected MO and MDC could be
important to reproduce situations closer to those present in
HIV-infected patients. Conversely, in previously ex-vivo
experiments, we have shown that the chemotactic activity of
HIV-infected PBMCs towards both RANTES and fMLP was
inhibited significantly by MVC treatment [13]. However,
further studies are needed to understand more clearly the
mechanism underlying this inhibitory phenomenon exerted
in vitro by maraviroc.

In conclusion, these findings suggest that CCR5 antago-
nist MVC is able to inhibit in vitro the migration of innate
immune cells by mechanisms which could be independent
from the pure anti-HIV effect. The drug might have a poten-
tial role in the down-regulation of HIV-associated chronic
inflammation by blocking the recirculation and trafficking
of mature MO and DC. Considering the increasing use of
MVC in patients with HIV infection, further studies should
be encouraged to understand the immunological conse-
quences of CCR5 blockade in innate immune cells.
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